Summary. The rapid growth (0.8___ 0.3 g/day) of a transplantable insulinoma, which also contained substance P (2.9___ 2.3 pmol/g) and gastrin-releasing peptide (3.2+2.1 pmol/g), resulted in the development of hyperphagia, hyperinsulinaemia and hypoglycaemia in rats (n=8). After a 14-day growth period, the insulinoma-bearing rats showed an increase (49%; p < 0.01) in the weight of the small intestine but no significant change in stomach weight compared with control animals. The content (pmol/organ) of somatostatin, substance P, neurokinin A and vasoactive intestinal peptide in the stomachs of the tumour rats was unchanged. A depletion in the content (53% p< 0.0l) and concentration (57%; p< 0.01) of gastrin-releasing peptide, however, suggested either hypersecretion, possibly mediated through hypoglycaemia-induced vagal stimulation, or inhibition of synthesis. The concentration and content of glucagon-like immunoreactivity (enteroglucagon) in the small intestine of the insulinoma rats increased markedly (47%; p<0.01 and 120%; p<0.01). This increase is consistent with a proposed role of this peptide as a factor trophic to the intestinal mucosa. No significant changes in the concentrations of somatostatin, substance P, neurokinin A, vasoactive intestinal peptide and gastrin-releasing peptide in the small intestine were observed. However, the increase in gut weight resulted in a greater content of vasoactive intestinal peptide (40%; p< 0.01) and substance P (37%; p< 0.05) in the insulinoma rats.
A radiation-induced transplantable insulinoma, developed in NEDH (New England Deaconess Hospital) rats by Chick and coworkers [1] , has been used to study the dynamics of insulin release in vivo [2, 3] and in vitro [4[, the biosynthesis and compartmental storage of insulin [5] and the degradation of insulin [6] . The tumour has been used as a source of insulin secretory granules [7] and a means to raise monoclonal antibodies to islet cell membrane antigens [8] . This model offers the advantage over other animal insulinoma models, such as induction by streptozotocin-nicotinamide administration [9] , in that the tumour develops very rapidly and contains a high content of insulin. The insulinoma-bearing rats become hyperphagic, hyperinsulinaemic and hypoglycaemic, leading to fatal neuroglycopaenic coma by 2-3 weeks [2, 10] . It has been shown [10] that adaptation of the pancreas to the growth of the transplanted insulinoma results in a severe depletion of endogeneous insulin and pancreatic polypeptide. Adaptation of the gastrointestinal tract has previously been studied in streptozotocin-diabetic rats [11] displaying hyperphagia, hypoinsulinemia and hyperglycaemia, and in hyperphagic rats with pancreatic acinar atrophy [12] but normal insulin and glucose concentrations. The aim of this investigation was to study changes in the concentrations and total content of regulatory peptides somatostatin, vasoactive intestinal peptide (VIP), substance P, neurokinin A, gastrin-releasing peptide (GRP) and glucagon-like immunoreactivity (GLI or enteroglucagon) occurring in the stomach and small intestine during rapid growth of the insulinoma over a period of 14 days.
Materials and methods
Fragments of insulinoma tissue (approximately 0.1 g) from a single donor rat were implanted subcutaneously into the subscapular region of 21-week-old male inbred NEDH rats (New England Deaconess Hospital, Boston, MA, USA) as previously described [2, 10] . Eight male rats of the same age and strain were used as controls. All animals had free access to a standard laboratory diet (Spratts laboratory diet 1, Lillico Ltd, Reigate, UK), and water and food intake was regularly monitored. After 14 days the insulinoma-bearing rats exhibited hyperphagia and signs of severe hypoglycaemia. The experiment was then terminated and all animals were killed by cervical dislocation. The stomachs of both groups contained food at the time of death. Tumour 
Radioimmunoassays
Insulin-like immunoreactivity (IRI) was measured using rat insulin standards and an antiserum raised against porcine insulin [14] . Somatostatin-like immunoreactivity (SLI), VIP-like immunoreactivity (VIP-LI) and substance P-like immunoreactivity (SPLI) were measured as previously described [11] . Neurokinin A-like immunoreactivity (NKA-LI) was measured using an antiserum directed against the Cterminal region of neurokinin A that shows 0.4% cross-reactivity with substance P [15] . GLI was measured with an antiserum directed against the N-terminal to central region of glucagon (probably residues 10-15). The specificity of this antiserum has been described [16] ; measurements made with antisera of this specificity are referred to as N-GLI determinations. GLI was also measured with the well-characterized C-terminally directed (residues 24-29) Unger antiserum 30 K. These measurements are referred to as C-GLI. The difference between the N-GLI and C-GLI in the gut is frequently referred to as enteroglucagon.
Gastrin-releasing peptide was measured using an antiserum raised in sheep against the C-terminal region (residues 14-27) of porcine GRP supplied by Guildhay Antisera, Guildford, UIC Antiserum (final dilution 1:5000) (100 lxl) was incubated with approximately 10,000cpm (3-[12sI]iodotyrosyllS)-gastrin releasing peptide (specific activity 2000 Ci/mmol; Amersham International PLC, Amersham, UK) and sample or standard (100 ~tl) in 0.05 mol/1 sodium phosphate buffer, pH 7.4, containing 0.14 mol/1 sodium chloride (final volume 500 ~d). After 72 h, antibody-bound radioactivity was precipitated by addition of polyethylene-glycol 6000 (final concentration 12% wt/ vol). The mid-range (ICs0) of the assay was 245 fmol/ml and the minimum detectable concentration was 44 fmol/ml. The intra-and interassay coefficients of variation were 5.9 and 14.2% for a 446 fmol/ml standard. The antiserum showed approximately 5% cross-reactivity with bombesin but no detectable reactivity with substance P or related tachykinins. Serial dilution of the immunoreactivity in extracts of rat stomach and small intestine resulted in lines whose slopes were parallel to the GRP standard (Peninsula Laboratories, Belmont, CA, USA). Analysis of extracts of rat gastrointestinal tissues by gel filtration showed the GRP-like immunoreactivity was heterogeneous. A com, ponent with the same elution volume as porcine GRP and a smaller component that may represent neuromedinC (residues 18-27 of GRP) were detected.
Statistical analysis
All values are given as mean ___ SD. Comparison between groups are made using Wilcoxon's rank sum test for unpaired data and significant differences were confirmed using Student's test for unpaired data. Confidence limits were set at p < 0.05 or p < 0.01. tissue, the entire stomach and the small intestine were removed, washed with ice-cold isotonic saline and immediately frozen on dry ice. The tissues were weighed and stored at -70 °C until time of extraction. A blood sample was obtained by cardiac puncture at the time of death. Plasma glucose was determined by the glucose oxidase procedure.
Tissue extraction
Tumour tissue was extracted by the method of Kenny [13] using acidified ethanol. Solvent was removed under reduced pressure at 30 °C and the residue redissolved in radioimmunoassay buffer (0.05 tool/1 sodium phosphate, pH 7.4 containing 0.14mol/1 sodium chloride). Gastrointestinal tissues were extracted by the boiling acetic acid method previously described [11] . The extracts were assayed without lyophilization, but at a sufficient dilution that interference by the solvent in the radioimmunoassays was undetectable.
Results
As shown in Table 1 , the tumour-bearing rats had become, by 14 days, hyperphagic, markedly hyperinsulinaemic and severely hypoglycaemic. Hyperphagia appeared with the onset of hypoglycaemi a by day 3 of the study. The diurnal changes in food intake observed in control rats was abolished in the insulinoma rats, apart from a small decrease between 05.00 and 11.00 hours. The rate of growth of the transplanted insulinoma turnout was extremely rapid (0.8 +0.3 g/day) (Table2). This rate is considerably greater than that observed by Chick et al. [1] in the original stock, suggesting that the sequence of serial transplantations that has led to the University of Surrey tumour subline has resulted in selection of cells with a greater mitotic rate. After 14 days Results expressed as mean _+ SD (n = 8). ap < 0.05 ; bp < 0.01 versus control. Gastric tissue contained < 1 pmol/g C-GLI and N-GLI the body weights of the animals in the two groups were not different, but the weight of the small intestine of the tumour-bearing rats had increased by 49% (p<0.01). Differences in the weights of the stomachs were not significant.
Regulatory peptides in tumour extracts
In addition to the very high concentration of insulin, comparable to the levels reported by other workers [5, 10] , extracts of all the tumours contained appreciable quantities of SPLI and GRP-LI (Table 3) . Concentrations of VIP, neurokinin A, somatostatin and glucagon were lower except for one tumour which contained 7.6 pmol/g of GLI.
Regulatory peptides in gastrointestinal tissues
Changes in the concentration (pmol/g) and total content (pmol/organ) of regulatory peptides in the gastrointestinal tract during tumour growth are shown in Table 4 . No significant changes in the concentration or content of somatostatin, substance P and VIP in the stomach were observed. A decrease (32%; p< 0.05) in the concentration of neurokinin A was seen. However, in view of the increased weight of the stomach of some of the insulinoma-bearing rats, differences in the total content of gastric NKA-LI were not significant. The most striking effect of tumour growth upon gastric regulatory peptides was the decrease in concentration (57%; p < 0.01) and content (53 %; p < 0.01) of gastrin-releasing peptide.
No significant changes in either concentration or content of somatostatin, GRP and neurokinin A in extracts of small intestine were observed. Although the concentrations of substance P and VIP in the intestines of the insulinoma-bearing rats were not different from control rats, the appreciably greater weights of the intestines resulted in a significant increase in total content of VIP (40%; p<0.01) and substance P (37%; p<0.05). Both the concentration (47%; p<0.01) and the total content (120%; p< 0.01) of glucagon-like immunoreactivity measured with an N-terminally directed antibody (enteroglucagon) were increased in the insulinomabearing rats. The slight rise in C-GLI content in the intestines of the insulinoma rats probably reflects the small degree of cross-reactivity of enteroglucagon with antiserum 30 K and the contribution of immunoreactive proteolytic fragments of enterglucagon.
Discussion
The changes in the gastrointestinal tract of NEDH rats in response to insulinoma growth demonstrated in the present study may be compared with changes occurring during streptozotocin-induced diabetes [11] and during malabsorption following pancreatic acinar atrophy [12] . Hyperphagia and a significant increase in weight of the small intestine were observed in all three studies. In view of the shorter duration of the present study, the rate of increase of intestinal weight in the insulinoma rats (0.22g/day) was greater than in diabetic rats (0.06 g/day) and rats with acinar atrophy (0.02 g/day). The comparison indicates, however, that the observed increase in gut weight in this study is more likely to be a consequence of increased food intake than atrophic effect of high circulating insulin. The lack of increase in body weight despite hyperphagia and hyperinsulinaemia in the tumour rats contrasts with the dynamic phase of increasing obesity, which occurs within 24 h, in hyperphagic rats with ventromedial hypothalamic lesions [17] . In both cases, the animals take food at abnormal times during the 24-h cycle. Rapid gastric emptying rather than hypersecretion of insulin has been proposed as the primary cause of hyperphagia in the lesioned animals [18] . The failure of the insulinoma rats to gain weight probably reflects the strong influence of malignant disease in these animals.
The possibility that other factors trophic to the small intestine are released by the tumour and contribute to its growth deserves consideration. All turnour extracts contained substance P and gastrin-releasing peptide. GRP stimulates cell division and DNA synthesis in cell lines derived from small cell lung carcinomas [19] and in Swiss 3T3 fibroblasts [20] . Similarly, both substance P and neurokinin A stimulate DNA synthesis in cultured arterial smooth muscle cells and human skin fibroblasts [21] . The extremely rapid rate of clearance of the peptides in the circulation, however, would render improbable a role for these substances as endocrine growth factors but the possibility that they are acting as autocrine tumour growth factors deserves further study. Substance P and neurokinin A are the products of a single gene that generates two mRNAs in a tissue-specific manner by alternative RNA splicing [22] . One mRNA encodes fl-preprotachykinin, which generates both substance P and neurokinin A. A second mRNA encodes a-preprotachykinin, which generates substance P only. The concentrations of SPLI in the tumour extracts were between 2 and 15 times higher than the concentrations of NKA-LI, suggesting that the tumour may be preferentially producing a-preprotachykinin mRNA. Production of GRP and SPLI may be a property of the particular tumour sub-line investigated, as extracts of a different, more slowly growing sub-line contained only trace amounts of these pepfides.
GRP is found in nerves in all layers of the stomach wall; in the rat fed ad libitum it is a powerful stimulus for the release of gastrin [23] . Stimulation of the vagus nerves results in a marked increase in both antral and fundic GRP release [24] , and so the depletion in gastric GRP content in the tumour-bearing rats may be a consequence of hypersecretion mediated through excitation of the vagus by insulin-induced hypoglycaemia. The plasma concentrations of GRP in rats, however, are below the detection limit of the radioimmunoassay. Alternatively, the increase in gastric activity associated with the hyperphagia may exercise a gastrin mediated negative feedback effect upon the synthesis of GRP. In the fed rat, GRP also stimulates insulin release [23] so that a feedback inhibition of GRP synthesis in the stomach by insulin is a possibility. The fact that GRP concentrations in the intestine do not change suggests that insulin does not exercise a similar feedback inhibitory effect on the synthesis of GRP in the gut.
The increases in both concentration (47%) and total content (120%) of GLI (enteroglucagon) in the insulinoma-bearing rats were more pronounced than in the rats with streptozotocin-diabetes [11] and with acinar atrophy [12] . GLI measurements were performed in the streptozotocin-induced diabetes study but not reported [11] . Changes in the concentration of GLI in the small intestine of the diabetic rats were not significant, but total content of GLI in the diabetic rats was significantly higher (p< 0.05) than in control animals. Similarly, the total content of GLI, but not the concentration, was slightly increased in rats with experimental pancreatic atrophy. The physiological role of GLI is unclear. Situations in which there is an increased turnover of enterocytes, e.g. tropical sprue, coeliac disease and during mucosal overgrowth following partial intestinal resection and jejunal-ileal bypass, are associated with an increase in the concentration of gut GLI [25] . These observations have led to the proposal [25] that GLI represents a factor that promotes mucosal growth within the small intestine. The present findings are consistent with this hypothesis, but leave open the question whether the GLI increase is a cause of the increase in gut weight or a consequence of the increase in food intake with resulting mucosal stimulation by malabsorbed nutrients.
In mammals, substance P, VIP and GRP are localized to the non-epithelial layer of the bowel and have been demonstrated exclusively in nerves [26] '. Somatostatin has a dual location in mucosal D cells and in nerves of the ganglionated plexuses. The increase in VIP content of the intestines of insulinoma-bearing rats was also observed in rats with streptozotocin-induced diabetes [11] , suggesting that the increase may represent a non-specific effect of hyperphagia. However, the increase in gastric somatostatin content and the decrease in gastric and intestinal substance P content in the diabetic rats was not seen in the present study, suggesting that those changes may be more specifically related to the diabetic state.
